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Abstract

N = 4 supersymmetric string theories contain negative discriminant states whose numbers
are known precisely from microscopic counting formulse. On the macroscopic side, these re-
sults can be reproduced by regarding these states as multi-centered black hole configurations
provided we make certain identification of apparently distinct multi-centered black hole config-
urations according to a precise set of rules. In this paper we provide a physical explanation of
such identifications, thereby establishing that multi-centered black hole configurations repro-
duce correctly the microscopic results for the number of negative discriminant states without

any ad hoc assumption.
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1 Introduction

Matching of microscopic counting of BPS states to the entropy of supersymmetric black holes
is an important problem. Exact microscopic counting of BPS states, including the dependence
of the spectrum on the asymptotic moduli, has now been achieved for a wide class of states
in /' = 8 supersymmetric string theories [IH3] and a wide class of N' = 4 supersymmetric
string theories [4H18] in four dimensions. An important class of these microscopic states are
the so called negative discriminant states — states carrying charges for which there are no
classical supersymmetric single centered black holes but whose microscopic index is nevertheless
non-zero. In particular such states are abundant in AN/ = 4 supersymmetric string theories.
It was shown in [19], following an earlier observation of [17], that all the known negative
discriminant states in N' = 4 supersymmetric string theories, which appear in the microscopic
counting of states, can be accounted for precisely as 2-centered black hole configurations,
with each center representing a small half-BPS black hole. This however required one crucial

assumption: certain 2-centered configurations, whose indices can be computed and shown to



be the same, had to be treated as identical configurations. This identification was ad hoc,
since the configurations which had to be identified appeared to be different configurations
carrying the same total charge. Nevertheless [19] gave a precise set of rules for determining
when a pair of configurations have to be identified. This phenomenon was called black hole
metamorphosis. A similar phenomenon in the context of supersymmetric gauge theories had
been discussed earlier in [20].

Our main goal in this paper will be to understand the physical origin of this phenomenon,
and justify the ad hoc prescription of [19] for identifying certain apparently different configura-
tions of black holes. What we shall show is that precisely for the class of two centered solutions
for which the ad hoc identification rule is to be imposed, one of the black hole centers need
to be replaced by a smooth gauge theory dyon to avoid certain singularities in the solution.
The effect of this is that the range of moduli for which each solution exists is smaller than the
one based on the naive analysis of a two centered black hole solution. Taking into account
this effect, we find that at any given point of the moduli space the total index contributed
by all the two centered configurations which exist at that point adds up to match precisely
the microscopic result for the same index. Although we have carried out our analysis in the
context of a specific theory — for heterotic string theory on T° — and worked in a region of the
moduli space where one of the two centers is light and can be regarded as a test particle in the
background produced by the other center, we expect that our analysis captures the essential
physics behind the phenomenon of black hole bound state metamorphosis for more general

theories and in generic region of the moduli space.

2 Review of black hole metamorphosis

In this section we shall review the phenomenon of black hole bound state metamorphosis dis-
cussed in [19]. Although this phenomenon takes place in all NV = 4 supersymmetric string
theories, we shall consider in this paper the concrete example of heterotic string theory com-
pactified on T At a generic point in the moduli space this theory has 28 U(1) gauge fields
and hence a BPS state is characterized by a 28 dimensional electric charge vector () and a 28
dimensional magnetic charge vector P. We shall denote the combined charge vector as (@, P).
We can associate with these vectors T-duality invariant bilinears @2, P? and Q- P. We consider

quarter BPS states carrying charges (@, 18) satisfying
(@°P*—(Q-PP) <0, and ged{QiP—Q;F, 1<ij<28}=1.  (21)

3



In this case there are no single centered black holes carrying these charges and the only two

centered configurations which can contribute to the index carry charges of the form:

(aQ,cQ) and (bP,dP), (2.2)

for some vectors () and P and (Z Z

(@, ]3) This two centered configuration exists in a certain region of the moduli space of the

) € SL(2, Z), carrying total charge (aQ+bP, cQ+dP) =

theory determined by the rules given in [19]. Outside this region the configuration ceases to
exist and hence does not contribute to the index. The contribution to the index from this

configuration when it exists is given by
(=1)@7Q - P dn(Q%/2) dn(P?/2) (2.3)
where .
Syt =g (- (2.4)
n k=1

Physically dj(n) denotes the index of half BPS states.

The phenomenon of metamorphosis takes place when either P? or Q* (or both) take the

value —2. Let us suppose P? = —2. In that case the configuration
(d'@,dQ") and (VP dP) @ VN _ (e bau Q' =Q+uP, P'=P wu=
) 7 ) C/ d/ — c d —cu Y — Y i ) i
(2.5)
has the same total charge, satisfies
Q/2:Q2a Pl2:P2> Q,'P,:_Q'Pa (26)

and hence, according to (Z3]) gives the same contribution to the index. Now suppose that
the configuration (2.2)) exists in the region R; in the moduli space and the configuration (2.5])
exists in the region R,. It turns out that Ry U Ry spans the whole moduli space of the theory.
Thus naively one would expect that in the region R = R; N R, the total contribution to the
index from these two configurations will be given by twice of (2.3]) whereas outside this region
the contribution to the index will be given by (2.3]). However in order to match the microscopic
result we have to assume that in the region R the contribution to the index is given by (Z.3)

while outside this region there is no contribution to the index from these configurations.
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Figure 1: Figure illustrating the walls of marginal stability and the region of existence of the
configurations described in ([2.7) and (2.8)). In Fig. (a) the thick line L; labels the wall of
marginal stability for the configuration (2.7)) which exists in the region R; to the left of L in
the upper half plane. In Fig. (b) the thick line Ly labels the wall of marginal stability for the
configuration (Z.8) which exists in the region R to the right of Ls in the upper half plane.
Fig. (c) labels the region R = R; N Ry. Thus naively we expect both configurations to exist
in the region R and one of the two configurations to exist in the region outside R. However
microscopic counting requires that only one of the two configurations exist in the region R
and none exist outside this region. In drawing these figures we have implicitly taken u to be
positive. If u is negative then each figure has to be reflected about the vertical axis passing
through the origin.

The case where Q? = —2 is related to the above by a duality transformation and need not

be discussed separately. In fact with the help of an S-duality transformation by the matrix

< d _ab> we can map the configurations (2.2) and (23] to

(Q,0) and (0,P), P?>= -2 (2.7)

and
(Q@+uP,0) and (—uP,P), u=Q-P, (2.8)

with each configuration carrying the same index as (2.3]). Thus we shall focus on this config-
uration from now on. In this case Fig. [Il shows the regions R;, Ry and R in the upper half
r-plane [16] — where 7 = 7 + i7» denotes the asymptotic values of the axion-dilaton modu-
lus of the heterotic string theory on 7% for fixed asymptotic values of the other fields. The
boundaries of Ry, Ry marked by the thick lines L; and L, correspond to walls of marginal
stability beyond which the configurations (2.7)) and (Z8]) cease to exist. The precise slope of
these straight lines depend on the details of the charges and the asymptotic values of the other
moduli, and will be given in eqs.([@.24]) and (£32]) respectively.
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Figure 2: The pictorial description of black hole metamorphosis.

The phenomenon of black hole metamorphosis suggests the existence of a hypothetical line
L, shown in Fig. 2 such that the configuration (2.7)) exists only in the region R} to the right
of L and left of Ly and the configuration (2.8) exists only in the region R} to the left of L and
the right of L. In that case it would explain why the index is given by (Z.3]) in the region
R} U R, = R and vanishes outside this region. Our goal will be to understand the physical

origin of L.

3 Review of multi-black hole solutions in N = 2 super-
gravity

Although heterotic string theory on T describes an N = 4 supersymmetric string theory, the
multi-black hole solutions are best understood in the language of N’ = 2 supergravity. For this
reason in this section we shall review multi-black hole solutions in N' = 2 supergravity. The
bosonic fields of an N' = 2 supergravity coupled to n, vector multiplet fields are the metric
Guv, Ny + 1 complex scalars X I and n, + 1 gauge fields Aﬁ with 0 < I < n,. The theory has
a complex gauge invariance under which all the X?’s scale by an arbitrary complex function
A(z), the metric scales by |A|72 and the gauge fields remain invariant. The action of the theory
is completely fixed by the prepotential ' which is a meromorphic, homogeneous function of
the X?’s of degree 2. If (q,p) denote the electric and magnetic charge vectors carried by a

state with ¢ and p being n, 4+ 1 dimensional vectors, then we define

Fy=0F/0X!, e X =i(X'F; - X'Fy)), Z(q,p) = (X' — p"Fy)e™/?. (3.1)



The gauge fields are normalized so that the action of a test particle carrying electric charges

¢r and magnetic charges p’ takes the form
1 . .
3 /(QIAfL — pl Ay, da* (3.2)

where Aﬁ denotes the usual gauge potential and A;, denotes the dual magnetic potential.
A general supersymmetric multi-centered black hole solution in such a theory was con-

structed in [21,22]. To describe the solution we introduce the functions:

Z p(l —9Im [ —zoeooneK/Q 007 I — Z | q(l —2I |: ZaooFleK/2:|oo 7 (33)

|77 — 7%

where 7; are the locations of the centers in the three dimensional space, (g, p()) denote the
electric and magnetic charges carried by the i-th center, the subscript ., denotes the asymptotic

values of the various fields and

Qo = Arg

Z (Z q(), ZP@))] : (3.4)

Now let

Spr({ar}, {p'}) =7 S({ar}, {p'}) (3.5)

be the entropy of a single centered black hole solution in this theory with charge (¢, p). There

is a standard algorithm for computing the function ¥ from the knowledge of the function F

— it is given by the extremum of |Z(g,p)|* with respect to the scalar moduli fields. We now

define
Ea ) = e ) = 5 (3

g"arr, ") = x"Kar b ") + ™, g} p'}) = xx{ar}, {p'}) +igx . (3.7)

Then the solution for the scalar fields, metric and the gauge fields is given by

XU " {HENAHE DY) Fre  ge({H(7)}{H(M)}) (3.8)

X0 O(H M {H(M)) X0 o ({H (P} A{H(P)})
ds® = 2V (dt + & - d7)* + eV da'da’ (3.9)
eV = S({H(M}, {H(M)}), (3.10)




Ay datt = —E({Hz(f’)},{Hl(ﬂ})_lxK({Hz(F)},{Hl(f?})(dt+Q-df)—prf>0089(i>d¢u>,

A" = =SHO}, H D i (H0, (! Y)(de+3 - d7) = 3 gy cos o doy
(3.11)

where (0(;), ¢(;)) denote the polar and azimuthal angles of the spherical polar coordinate system
with origin at ;. The general solution for & exists but we shall not need it. For single centered
solution & vanishes. Finally consistency demands that the locations 7; be subject to the

constraint: .

O —2mm(e=2), Z =27 (4w p0)|. (3.12)

i 40 1P() — 4GP
P

j=1
i

One clarification in necessary here. The combinations X/X°% F;/X° and the gauge fields
are invariant under the complex gauge transformation generated by A(z) and hence it is not
necessary to specify in which gauge we have given the solutions. However since the metric
is not invariant under this transformation we need to specify the gauge in which the metric
is given. (B.9) is given in the choice of gauge in which the Einstein-Hilbert term takes the
form [22]

1
— [ d*z/—detgR. (3.13)

16m
For a 2-centered solution carrying charges (g, p(1y) at 1 and (q2), pr2)) at 7, (B.I2) gives
_ Q(2)Ip{1) - Q(l)Ip{g) Z+ Zo

7 — T = : e 3.14
=l = ey 71 + 7| (3:14)

When |Z(q(2),p(2))| is small and we can ignore the background field produced by the second
center in most of the space, then an independent way of arriving at the result (3.14) is as
follows. Let us consider the background fields produced by a single centered solution carrying
charges (qq), pa)) placed at the origin. If we now place a test particle carrying charge (¢, p) in
this background then the action of this test particle takes the form

5=~ [arlz(a) DI+ ;5 [ (@l - i An)de (3.15)

where 7 is the proper time, and x* denote the coordinates of the test particle. If the test

particle is at rest then we have dr = e"dt and hence
1 (e L. R
S, = /dt {—eV \Z({qr}, {p"})| + §(q1A{) —pIAIO)] : (3.16)

8



The equilibrium position of the test particle will be at the extremum of the integrand with
respect to the spatial coordinates z!, %, 23. Tt can be shown that this gives us back ([3.14]) with
(q(2), P2)) replaced by (q,p) if |Z(q(2), p2))| is small so that we can treat the second center as

a test particle ignoring its backreaction on the geometry [21].

4 S-T-U model

In this section we shall analyze a class of 2-centered black hole solutions in heterotic string
theory on T and propose a mechanism for black hole metamorphosis. Our analysis will proceed
in several steps. First we shall describe a truncation of heterotic string theory on 7 which
can be mapped to an N/ = 2 supergravity theory, known as the S-T-U model. We shall then
describe the S-T-U model and the maps between the fields in the two descriptions. We then
consider a two centered configuration in this theory with one center carrying charge (0, P) with
P? = —2, and take a limit where the other center carrying charge (Q,0) becomes light and can
be regarded as a probe. The technique reviewed in §3] then enables us to easily construct the
background field associated with the heavy center and find the equilibrium position of the light
center. We then analyze the solution carefully to find the region of the moduli space where it
exists. Although naively it exists in the region R; to the left of the line L; in Fig. 2 we suggest
a mechanism by which the region of existence gets truncated to R} displayed in Fig. 2l We
repeat the analysis for another configuration related to the first by the transformation (28]
and show that this exists in the region R, as displayed in Fig. 2l This analysis also allows us

to determine the precise location of the line L in Fig. 2

4.1 Truncation of heterotic string theory on 7°

We shall now describe the truncation of heterotic string theory on 7° that can be mapped to an
N = 2 supergravity theory. For this we take 7 in the form of the product 7% x T? and ignore
all excitations of the components of the metric and 2-form fields with one or both legs along
T* and also all excitations of the ten dimensional gauge fields. This truncated theory will have
only four gauge fields corresponding to 4-p and 5-p components of the metric and the 2-form
gauge fields, with 2% and 2° denoting the coordinates along T2 and z# with 0 < x4 < 3 denoting
the coordinates along the 341 dimensional non-compact space-time. The other relevant fields
are the canonical metric g,,, the axion dilaton modulus S = S} + ©Ss, the complex structure
modulus U = U; + iU, of T? and the complexified Kahler modulus 7' = T} + 15 of T?. The



four components (@1, Q2, Q3,Q4) of the electric charge vector @) correspond respectively to
the number of units of momentum along x® and z* respectively and winding numbers along
25 and x? respectively. On the other hand the components (Py, P, P, P,) of the magnetic
charge P denote respectively the heterotic five-brane winding numbers along 7% x z*-circle
and T* x z°-circle respectively and Kaluza-Klein monopole charges associated with z° and x*

directions respectively. The bilinears Q?, P?, Q - P are given by
Q> =2(Q1Q3+ Q2Q4), P?>=2(PiPs+P,Py), Q-P=Q1Ps+QsPi+ Q3P+ Q4P (4.1)
Finally the entropy of a black hole carrying (electric, magnetic) charges (@), P) is given by

Sy =mVE, L =Q*P*—(Q-P)>. (4.2)

4.2 N =2 description

This truncated theory can be mapped to an N/ = 2 supergravity theory coupled to three vector
multiplets, with prepotential

XtX2X3
The scalar fields S, T and U introduced in §4.1] are given by
Xt X? X3

The relations between the gauge fields in the two descriptions can be described by giving the
relations between the charges {Q;, P;} given above with the charges {q;,p’} in the N' = 2

supergravity description. This is as follows (see e.g. [23] for a review)

QE (Q17Q27Q37Q4> = (q07q37_p17q2)7 P = (P17P27P37P4) = (q17p27p07p3)' (45)
Eq.([2]) now gives
1/2
S{ar {0'}) = [4(g2gs — qop") a1 + 1*0°) — (@op® — aup' + @op® + a5p®)?]* . (4.6)

We shall denote the asymptotic values of the various moduli fields as
Slee=C=0+1iC, Tlow=p=pi+ipy, Ulew=0=01+1i03. (4.7)

As we shall see in ([19), ¢ is related to the modulus 7 of §2 via the relation ( = —7. We also
define
' = X2 . (4.8)
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From (B.1), (£3), (1) and ([4.8) it follows that
€_K = SXOXOSQTQUQ, €_K o = SJIOLf'OCQO'QpQ . (49)

4.3 The two centered solution

In the asymptotic background described above we construct a two centered solution with the

first center carrying charge (0, P) and the second center carrying charge (@, 0), with
Q= (a,b,c,d), P=(0,-1,0,1). (4.10)
This gives, from (4.1])
Q*=2ac+2bd, P*=-2, u=Q-P=b—d. (4.11)

We shall for definiteness take (b — d) > 0 so that u > 0. Since P? = —2 this configuration
should display the phenomenon of black hole bound state metamorphosis. In particular there
must exist a line L in the 7 = —( plane such that the bound state ceases to exist to the left of
this line. Our goal will be understand the physical origin of this hypothetical line L.

Now using (43]) we see that in the language of N' = 2 supergravity the two centers carry
charges (qa), pa1y) and (g, p2)) where

Pa) = (0707_171)7 qa) = (0707070)7 b)) = (07 _07070)7 qe) = (a707d7 b) . (412>

We define

0 1
1= 24, po)lee = [ (B = Fy)] =1/ 5 o, S
Zy = Z(q2), p@)|oo = [€¥(aX’ + dX* + bX? + )]

0
= \/gﬁ (a+dp+bo—cpo). (4.13)
To simplify the analysis we shall work in the limit where (5 is large. In this limit |Z,| given in
(A13)) is small showing that the corresponding state is light. Hence we can ignore its effect on
the background field and treat this center as a probe. In this limit the background geometry

approaches that of a single centered black hole with charge (q(1),pa)) placed at 7, and as
defined in (3.4) and the functions H! and H; introduced in (3.3) take the form

Zy+ Zy N A (¢ p—o

100 _

N+ 2| T |24 O] p—ol’

(4.14)
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(B, 1Y, 12, 1) ~ — (o,o,—1,1)—LIm{Q|”_"|(1,<,p,a)}, (4.15)

|7 — 71| V8(2p2072 ¢ p—o
e ) il — s
(H07 H17 H27 H3) = mlm {? % (_Cpo-7 PO, Co-v Cp)} : (416)

From this we can construct the solution for the metric, scalars and gauge fields using the

prescription reviewed in §3l The separation between the two centers is given, according to

B.14), by
b—d /8C202p2 1

2 [Cllo = plIm[(a+dp+bo —cpo)/(C(p—0))]
Before we go on we must mention two subtle points in the relation between the N/ = 4 and

| —

Tl—F2| =

(4.17)

N = 2 theory that will be important for our analysis. According to (fI3)), the total mass of
the system is given by

1

AR ——— V|A]? + |B)?|(|? + 2(GRe (AB*) + 2 (s Im (AB*),

%1 + 2] o VIAP + BP[¢P + 2 GiRe (AB*) + 2 G2 Im (AB)
A=a+dp+bo—cpo, B=(p—o0). (4.18)

Now consider a state carrying total charge (P, P). The BPS mass of this state will be given by
settinga = c=0and b= —1,d = 1 in (£I8)) and its dependence on the axion dilaton modulus
¢ will be proportional to y/|1 + ¢[2/1/C. On the other hand in the convention of [I6,19] which
we used in presenting the results in §2] the dependence of the BPS mass of a particle of charge
(P, P) on the axion dilaton modulus is proportional to \/m /+/T2. This shows that ¢ and
T are related by

(=-T. (4.19)

To discuss the second subtlety, let us return to the general formula (4I8). The BPS mass
formula in the AV = 4 supersymmetric theories (derived in [24/25] and used e.g. in [16] for the
analysis of the walls of marginal stability) is given by the same formula as (LI8) (after the
identification (£19))) except that the coefficient of ( = 75 under the square root is given by
2|Im (AB*)|. Thus the two formulee agree when Im (AB*) > 0, 1.e.

(092 — p2)(a+ dpy + boy — cproy + cpaos) + (p1 — 01)(dpa + bog — c(p2o1 + p102)) > 0. (4.20)

From now on we shall assume that this condition holds.
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4.4 The region of existence of the solution

From (417) we can identify the wall of marginal stability as the curve in the ¢ plane on which
the right hand side of (A7) diverges. This gives

Cl N T1 N
a_ N o n_ N 421
where
N = —(o9 — p2)(dps + boy — c(p201 + p102)) + (p1 — 01)(a + dpy + boy — cpro1 + cp203)

D = (02— pa2)(a+dp1 +boy — cpioy + cpao2) + (p1 — 01)(dpa + boy — c(p201 + p102)) .
(4.22)

({2T)) marks the location of the line L; in Figs. Dland 2l In particular the solution exists when
the right hand side of (4.17)) is positive, 1.e. for

G > %Cg for (b — d)D >0,
N
< 5@ for (b—d)D < 0. (4.23)

Since according to (£20) we have D > 0, and we have assumed that b — d > 0, this condition

translates to N N
Cl > ECQ rLe. 11 < —5 T . (424)

Naively one may expect that (A24]) is the only condition on 7 for the existence of the
solution, since as long as (£24)) is satisfied, |7 — 73| given in (A1) remains positive. However
upon closer examination one discovers a peculiar property of the solution that can be attributed
to the special charge vector carried by the first center. If we take a test particle of charge (P, 0)
with P = (0,—1,0,1) as in (&I0), it maps to ¢ = (0,0,1,—1), p = (0,0,0,0) in the N' = 2

supergravity variables, and its mass at a point 7 is given by
1
T(F) = U] (4.25)
8/ S (7) Ty (7) U (7)
Thus it vanishes when T'(7) = U(7). Using egs.(3.0)-([B3.8) and (4.6]) we see that this requires
H, = H3 and H?> = H3. Now from ([fI6]) we see that the first condition is satisfied automati-
cally, while eq.(ZI5) tells us that we have H? = H? when

77— 71| =7, TeEV8C202P2%~ (4.26)
o —
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This describes a spherical shell of radius r. around 7 on which an electrically charged test
particle carrying charge (P,0) becomes massless. Physically on this shell the radius of the z*
direction reaches the self-dual point and hence we have massless non-abelian gauge fields. This
in turn shows that at this point the original solution describing the background field produced
by the charge (0, P) breaks down and we should not trust the solution for values of 7 for which
|7"— 7| is less than r, defined in (£.26]). This has been named the enhancon mechanism in [26].
Indeed, if we ignore this effect and continue to trust the solution for |7 — 7| < r., then at
some point Y({H;}, {H'}) computed from (&), (EI5) and (AI6) vanishes and the solution
becomes singular [26]. We shall call r. the enhancon radius. Thus a two centered solution,
obtained by placing in the above background a test charge (@, 0) at 75 is sensible only when
we have

|71 — T > re. (4.27)

Using (@.I7), (420) and the positivity of D and b — d, this translates to

b—d
2D

2

N
nlp—of - =m. (4.28)

G < D

N
C2‘p_0‘2+5@ l.e. T4 > —

As we shall see in §5] the correct description of the solution involves replacing it by a
gravitationally dressed smooth BPS dyon obtained by boosting the Harvey-Liu monopole so-
lution [27,28] in an internal compact direction. As a result the solution begins to differ from
that given in §4.3 even for | — 7| > r.. However for now we shall take the above bound on
¢y seriously and examine its consequences. In this case (£28) gives us the location of the left
boundary L of the region R in Fig.[2] with the right boundary L; of R being given by the
wall of marginal stability (£24). In §5 we shall see that this in fact is the exact result for the

allowed range of (; in the large (o limit.

4.5 The second two centered solution

Next consider the two centered configuration with charges (—uP, P) and (Q + wP,0) where
u =@ -P = (b—d). Again one can argue that in the limit of large (5 the second center
carrying only electric charge (@ + uP,0) is light and hence can be treated as a test particle.
Furthermore, for the first center the contribution to the background field from the electric
component proportional to uP will be small and hence can be dropped. Thus the problem
effectively reduces to studying the test charge (@ + uP,0) in the background produced by the
charge (0, P). Since according to (AI0), (@I, @ + uP differs from @ just by the exchange

14



of the quantum numbers b and d, we can derive the various results for this system simply by
exchanging b and d in the earlier results. In particular for this system the separation between

the two centers is given by

d —b /8(202p2 1

T — Tyl = . 4.29
= e = S o = I T @ T b T do = 90 /o= o)) (429)
The wall of marginal stability, where |} — 75| diverges, is at
N’ N’
Cl = ﬁCQ l.e. T1 = _ETQ’ (430)
where
N' = —(09 — p2)(bpa + dog — c(p201 + p102)) + (p1 — 01)(a + bpy + doy — cproy + cpa0) |
D" = (02— p2)(a+bp1 + doy — cpr1oy + cpa02) + (p1 — 01)(bpz + doy — c(p201 + pr02))
- D. (4.31)
(430) marks the location of the line Ly in Figs[Iland 2l The solution exists for
N/ /
(1< 5(’2 Le. T > —57'2. (4.32)

The enhancon radius remains at the same place as before. The condition that the location of

the second center lies outside the enhancon radius can be translated to

d—1b 5 N b—d s N
Cl > WCﬂp—O" +3C2 rLe. 11 < WT2|p—O" —37'2. (433)
As before we shall take this to be our estimate for the right boundary of the region R} in
Fig. 2 with the left boundary Ly of R being given by the constraint (£.32)).

We now note that

b—d , N d—b , N
Gy P S S gt 4.34
sp Pl =5pl-a -5 (4.34)

1.e. the right hand sides of (4.28) and (£33]) match. This in turn shows that the right boundary
of R, coincides with the left boundary L of R/, and hence in any region of the moduli space
between the two walls of marginal stability L; and L, in Fig. 2, one and only one of the
two configurations exists. This is precisely what is required for the black hole metamorphosis
hypothesis to hold.
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4.6 Special case of diagonal T°
For later use we shall now write down the explicit solutions in the special case
oy = pP1 = 0, (435)

corresponding to setting the off-diagonal components of the metric and the 2-form field along
T? to zero at infinity. Furthermore we shall take the location of the first center at the origin
so that

m=0, |[rF—r|=r. (4.36)

Then we can express (£I0), (£.I06) as

2 : G
HY = ————sign(py — 09)>,
V/8(2p202 (P 2)|C|
2
H' = ———5i —
magn(pz a2)[¢]
1 2 . p2G2
H? = —— 4+ ———sign(py — 09)5=",
T V/8C2p202 su(pz 2 q
1 2 . O'2<2
H? = 4 ——sign(py — 09) =,
T V/8C2p202 G q
2 :
Hy, = —m sign(p2 — 02)p202[¢]
2 : p202C1
Hy = ———=sign(ps—o ,
' V/8(2p202 (o2 =) q
H2 - 0,
Hy = 0. (4.37)
This gives from (4.0)), (3:6)-(B11),
S({H1}, {H"}) = [-AH H' H* HP)'?,
X' 2iHyH! X2 2iHyH? X3 2iHyH?
Tt T Sramm Toxo y 0 VST Ty
ds’ = =X 'dt* + S da'da,
2H'H?*H? 2H,H"H?
Apda? =~ dt, Apdat = — SR dt + cos 0o,
2H HH? 2H H*H?3
Abdat = —()Tdt—cosecw, Aludx“:ozizdt. (4.38)

Note that we have given the expressions for the electric potentials Ag, Ai, Ai and the magnetic
potential A;,. This contains full information about all the gauge fields. Eq.(4.38) shows that
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T and U remain purely imaginary for all values of 7" and hence the off diagonal components of
the metric and the 2-form field along T2 continue to vanish at all points.

From eqs.(3.10) and (4I2) we get the Lagrangian of the test particle carrying charge
(9(2), P(2)) in this background to be
1

VRS (F)T5(F)Us (7)
1
+§(cA10 +aA)+dA3+bAD)

Ly = —S({H}{H"})" @ +dT(F) +bU(F) — cT(F) U(F)

1 HH, \'? Hy\> H, v
=~ 141 1 —e ) - O (dH? - bHP)?
4H0{ +H2H3} (“ CHl) iz )
1 a H1 Hl C
ey, b <t 4.39
4{ 7 H0H2+H1} (4:39)

The equilibrium separation (4.I7) between the two centers can be found by extremizing (£.39)

with respect to r. Corresponding result for the second system is obtained by exchanging b and

d in (4.39).

5 Replacing the enhancon by the smooth solution

In this section we shall replace the solution in the S-T-U model described in §4.6] by a smooth
dyon solution and compute the range of values of (; for which the solution exists. Since the
analysis of this section will be somewhat technical let us first summarize the main result. We

shall find that the net effect of smoothening the solution is to replace in the expressions for ¥,
So, T, U, A, A%, A3 and Ay, given in ([£38)), the variable r by 7 where

1 — 1
= — — kcoth(kr) + &, K G lp2— 0l = —

r 8pa0y  |(] Te

| =

(5.1)

This does not mean that the new solution is related to the old one by a coordinate trans-
formation since for example the dz‘dz’ term in the expression for the metric is still given by
dr? 4+ r2dQ3 with d€), denoting the line element on a unit 2-sphere. Nevertheless it shows that
the potential for the test charge in this new background is given by (A39) with r replaced by
7 everywhere. Thus for given values of the asymptotic moduli the equilibrium position of the
test charge (@, 0) or (Q + uP,0) is given by replacing |} — 75| = |r3| by 72 in the S-T-U model
results ([LI7) and (£29) respectively, where 75 is the value of 7 defined in (51I) for r = |F2\

'We are again setting 7, = 0 1.e. taking the location of the first center as the origin of the coordinate system.
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Now since according to (B.Il) » = 0 corresponds to # = r, and r = 0o corresponds to 7 = 0o
we see that requiring 0 < || < oo corresponds to 7. < 79 < oo. This according to the
analysis of § (with r replaced by ) constraints 7 to lie inside the region R} of Fig. 2] for the
first configuration and the region R}, of Fig. 2l for the second configuration. Thus we conclude
that the ranges of 7y for which the solutions exists remain the same as what we derived in §4
However the interpretation of what happens at the left boundary of R} and the right boundary
of R}, is slightly different. At the left boundary of R/, when 7, saturates the bound (4.28]), the
second center of the first configuration reaches the center of the smooth dyonic solution. On
the other hand at the right boundary of R}, when 7y saturates the bound (£33]), the second
center of the second configuration reaches the center of the smooth dyonic solution.

We shall now describe how these results arise.

5.1 Harvey-Liu monopole and dyon solutions in the ten dimensional
description

We shall consider a truncation of the effective action of ten dimensional heterotic string theory
where we keep only a single SU(2) gauge field V,(f) (1 < a < 3) out of SO(32) or Eg x Ex.

This action is given by

S = ﬁ /dlox\/— det Ge *® [R + 4GV @Oy ©
™a

]_ ! U / O/ a a
_EGMM GNN' GRR o Hopon s — §]/\)](\/[)N]/\;( JMN |
Wity = 0uVy —onViy + e vivy, (5.2)

1

O/ a
dH = =7 WA, H = gHyypde™ Az Ada", W Mindz Ada L (5.3)

=2
Here 2™ for 0 < M < 9 are the coordinates labelling the ten dimensional space-time, Gy is
the string metric, H is the 3-form field strength and ® is the dilaton field. We now compactify
the theory on T labelled by z*, - - - 2° with period 27v/o/ and non-compact coordinates labelled
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by 20, 21, 2% 23. In this theory we consider the Harvey-Liu monopole solution [27, 28]H

l’k

Ve = ciak 5 (K (Cir) = 1), Vo = o, %H(C’lr), 1<ika<3, r=akah,
H(z) =xcothz —1, K(z)=z/sinhzx,
a/
e’ = O3+ Z(C'l2 —r2H(Cyr)?),

9
ds’ = —(da°)*+ e ((da')? + (d2®)* + (do®)® + C3(da*)?) + CF(da®)® + > da™da™
m=6
Hy; = =20, e?® €Ok ® 1<14,75,k<3, (5.4)

where C, Cy, Cs and Cy are arbitrary constants, and €;;;, is the totally anti-symmetric symbol
with €103 = 1. Since all the fields in (5.4]) are invariant under changes in signs of C;, C3 and
C}y, we can choose

C1,C4,C5C53 >0, (55)

without any loss of generality. Note that the solution described in (5.4]) lies outside the trun-
cated theory described in §4.7] since we have non-trivial background values of the ten dimen-
sional gauge fields. However we shall see that (the dyonic generalization of) this solution can
be mapped to a solution inside the truncated theory by a duality rotation.

Physically (5.4)) represents a gravitationally dressed BPS monopole solution of the SU(2)

gauge theory. We can construct from this a dyon solution by making the replacement (see
e.g. [29])

2% — coshy 2" + CyC3sinhya*,  2* — C;'Cy'sinhya® + coshyz?, (5.6)

4

and taking the new z* coordinate defined this way as being periodically identified with period

2mv/o/. This gives a solution:

l’k

a a xa
Vo = Giak 5 (K(Car) = 1), V) = coshy 5 H(Cur),

VW = o sinhfyf—zH(Clr),

2Strictly speaking, if we take the circles labelled by z%, - - - 2° to have self-dual radius, as is the case for the
metric given in ([5.4]), we shall get additional massless non-abelian gauge fields. We can avoid this situation by
taking the metric along the 25, - - - 2% direction to be K,,,dx™dz™ for some constant symmetric matrix K with
det K = 1. This does not affect any of the subsequent analysis. Similarly we could also break the rest of the
ten dimensional gauge group (SO(32) or Es x Eg) by turning on Wilson lines for these gauge fields along the
6-7-8-9 directions without changing any of the subsequent analysis.
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e = Ci+ (O = H(Cw)?),

9
ds* = —(d2°)* + €** ((dz')* + (da®)® + (dz®)?) + C5C5(da) + CF(dz)* + Z dx™dx™
m=6
+ (e**C5% — 1) (sinhy dz° + C5Cs5 coshy da?)?,
H4ij = -2 02 cosh Y €2<I> Eijkakq) y
HOij = -2 03_1 Sil’lh’}/ezq) €ijk8kq)7 1 S ’i,j, ]{7, a S 3. (57)

The solutions given above are in the hedgehog gauge. For comparison with the solution in
the S-T-U model it will be more appropriate to express the solution in the string gauge (see
e.g. [28]). In this gauge the solution takes the form
VZ-(?’) da’ cos Odo,

1
Vf’) = (Cy coshy-H(Cyr),
T

12

1
Vég) = (' sinhy ;H(C’lr)

e = G+ T (CE =1 H(Cir))

9
ds’ = —(da®)*+€*® ((da')’ + (dz®)* + (d2®)?) + C5C5(da)® + CF(da®)* + > da'da’
m=6
+ (e**C5® — 1) (sinh y dz° + C5C5 coshy dz?)?
H4ij = =2 02 COSh’)/€2q) Eijkakq),
Hoy = —2C5" sinhye®® @, 1<14,j,k <3, (5.8)

—Chir

The ~ in the first equation describes equality up to terms of order e and also additive

constants.
From now on we shall work in the o/ = 16 unit. For reason that will become clear later,

we shall choose the constants C;’s and ~ such that
Gu + 4V = C2C2 +4C2C2 cosh® v = 1. (5.9)

5.2 Smooth dyon solution in the four dimensional description

We now translate the above solution into a field configuration in an effective four dimensional

field theory. For this we dimensionally reduce the theory to four dimensions, keeping a single
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U(1) gauge field V](\Z) in ten dimensions, and setting the components of various fields along 7",
labelled by the coordinates z°,--- 29, to their background values given in (5.8), and setting

o/ = 16. This leads to an action whose bosonic part is given by:

5 = 327 ds \/W [R B 529“118;150:/5 — SQF;EZ)(LML)abF(b)W + S1F;53)Labﬁ’(b)uv
1
429" Tr(9,MLO, ML) . (5.10)

Here S = 57 + 155 is a complex scalar field representing the heterotic axion - dilaton system,
£l = 8MA,(,G) — 0,A% for 1 < a < 5 are the gauge field strengths associated with five U(1)
gauge fields A,(f), F o denotes the dual field strength of F),,, L is the 5 x 5 matrix

0 I
L=|(1 o , (5.11)
~1

with I,, denoting n x n identity matrix, and M is a matrix valued scalar field, satisfying
MLMT = L, M' =M. (5.12)

The precise relation between the fields appearing here and those in the ten dimensional su-
pergravity was given in [30] and reviewed in [31]1 We shall use the normalization convention
of [31], keeping in mind that VE’) is related to the ten dimensional abelian gauge fields ASO)I
used in [31] as A(w = 2\/§V,S3). In order to facilitate comparison with the fields of the S-T-U
model as reviewed in 4, where the normalization in front of the Einstein-Hilbert time is given

by 1/16m, we shall make a g,, — 2g,, field redefinition, so that the action takes the form:

v Q ]' a v ]' a - v

S = d*z \/—detg [R — 52 ——¢",50,85 — 552F5y>(LML)abF<b>ﬂ + 551F5V>LabF<b>ﬂ
1

59" Tr(&uMLa,,ML)] . (5.13)

If we denote the metric appearing in (5.8) by Gy and define
Ay = 2v2V%) (5.14)

then using the results reviewed in [31] we find that the four dimensional field configuration

3In the convention of [31] that we shall use, S corresponds to the field .
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corresponding to the background (5.8]) is given by@

Gsd 0 0 0 0

0 Gt 0 1GL, A3 Gl Ay
M = 0 0 Gss 0 0

0 $GLAT 0 (Gu+3A9)°GH  (Gu+3A)GL A
0 GuAr 0 (Gu+iAHG A 1+ Gyl A2

G 0 0 0 0
0 Gt 0 1G4 47 GLA

= 0 0 Gss 0 0 , (5.15)

0 16447 0 Gt Gt Ay
0

GiiAy 0 GilAy 14+GlA?

where in the last step we have used (5.9),

Sy = e 220,y \/62‘1’ cosh®y — CZsinh? 7, (5.16)
Sy ~ CyC5Cy sinhye 2%, (5.17)
0
) —ﬁC{l cosh y(e?*C5? — 1)
{AW} = —v/2C5 sinhy (¢*® cosh®y — CF sinh®v) ™ 0 :
V2 Cy coshyr=2H(Cyr)?
r~ H(Cyr)
0
' 0
{Adz'} = —v/2 cosfdo | 0 |, (5.18)
0
1

B o
24/€2® cosh? 4 — C2sinh? 5

gudxtdx” =

1 o
(d®)? + 3 C2Cy \/@2‘1’ cosh®y — CZsinh® v da'da’ .
(5.19)

4In order to get the expression for S; given in (5.I7), we need to correct the formula for the 4-dimensional
2-form field By, given in eq.(3) of [31]. The corrected expression is given by

B, = BI(LLO) _ 4§mnAfLm)Af,") _9 (Aftm)A,(,mJ“G) _ Al(,m)AfLerG)) — 24 (AEL1+12)AI(jm) — Al(ll+12)ALm))

in the notation of [31]. The last term was missed in [3I] but is needed to ensure that By, transforms correctly

under the gauge transformation of AELHH).
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We now take the 5 x 5 matrix

LIVZ  L/V2 Iy L/VZ  L/V2
W = [2/\/§ —12/\/§ 0 1 ]2/\/5 —]2/\/5
1 1 0 1
10 0 O 0
o o 1 &
= 0 0 1 0 0 , (5.20)
0 % 0 %1 e
0 7 0 ~ 7 0
satisfying
WIw =1, W'LW =1L, (5.21)
and make the field redefinition:
M—WMWT,  F9 — WuF. (5.22)

The action in the new variables takes the same form as (G.I0). After this transformation the
solution (B.15]) for M becomes

R™2 0 0 0 O
0 R?* 0 0 0
v—| o 0o ® o ol (5.23)
0 0 0 R* O
0 0 0 0 1
where
a2 g 1 - %fh _1- 2y _1-20 coshyr=YH(Cyr) (5.24)
% v 1+ %Aél 1+2V®  1+2C; coshyrtH(Cir) '
The gauge field background takes the form, up to constant shifts,
0
1 {2C, coshyr—r H(Cyr) — 1}
(A} = C3C2sinhy = H(Cyr) 0 :
" {20, coshy =t H(Cyr) + 1}
0
0
' -1
{Adz'} ~ cosfdo | 0 (5.25)
1
0
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The metric and the axion-dilaton fields remain unchanged under this field redefinition.

We now note that for the solution described above the matrix M and the gauge fields are
non-trivial only along the first four rows and columns. This corresponds to setting to zero all
ten dimensional gauge fields and also setting all components of the metric and 2-form fields
with one or both legs along T to trivial values. This is precisely the condition under which

the solution can be embedded in the S-T-U model. Rescaling ¢ and 2° as

(2 (2 T .2
:B—M/CngC‘l:B, x—>x\/C2C4, (5.26)

and identifying RR with T and ﬁ/ R with U; we see that in the variables of the S-T-U model

the scalar fields and the metric takes the form:

T7=0, U =0,

T, 1- Cy coshy /2 CoC5Cyr~ H(\/2 Cyr //CoC5Cy)
U2 1+ Cg COSh’y V2 020304 ’f’_lH(\/Q Cl’l“/ 020304) ’
Sy = e 220,Cy \/@2‘1’ cosh® v — O2 sinh® v,

Sl ~ 020304 Sinh7€_2¢ s

gudatdr” = —e*¥ (da°)* + eV da'da’,

T2U2 - C42a

Cs

CyC5C

H(\/§ Cl’l“/ 020304)2> s 62V

Ve2® cosh?y — C2sinh?

(5.27)

To find the gauge fields in the S-T-U model notation we first note that after the coordinate
change (5.20)) the first four components of gauge fields A given in (5.25) takes the form

{Agl)} = 032022 SiIlh”)/ % H(\/§ Cl’f’/ 020304)

0
1
{202 coshy y/ 284 r=1 H(V2Cyr /+/CC5Cy) — 1}
O bl
1
{202 coshy 4/ % r~ H(v/2 Cyr [/ CoC5Cy) + 1}
0
{(APday =~ costdo | (5.28)
1
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Now it was shown in [31] that a test charge (Q,0) couples to this gauge field background
through the action

1 1
+ 2 /dIuAELa)Q“ - i? / de’ [AS) Q1+ Af) Q2 + Aflg) Qs + A;(f) Q4]
1

- i§ / dat [AD go + AP g3 — AP p' + ALY go] (5.29)

The =+ sign reflects the fact that the analysis of [31] determines the normalization but not the
sign of the coupling of the gauge fields to the charges since the bosonic action involving the

U(1) gauge fields has an A, — —A,, symmetry. Comparing this with ([3.2)) we get

A AP
A e
T -
Al b (5.30)
A AP
Eq.([528) now shows that the magnetic part of the field is given by
Al dr' ~ FcosOdp, Adr' = +cosfdx’. (5.31)

On the other hand (A38]) shows that the expected magnetic field in the S-T-U model, produced
by the first center, is given by

Al dr' = —cosfdg, A?dz' = cosfdx’. (5.32)

Comparing (5.31)) and (5:32)) we see that we must use the top sign in (5:30). This can now be

used to express the electric potentials given in (5.28)) as

A Ay
3 (2) 1
;14100 - ﬁ?g) ~ CiCsinhy < H (V2Cir/\/CaCsCi)
0
2
A A(()4)
0 -1
{202 COSh’}/ A/ 0202304 7”_1 H(\/§ Cl’/’/ 020304) — 1}
0
—1
{26’2 coshy /5% r=1 H(V/2 Cir /v/C,C5Cy) + 1}

(5.33)
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Finally, adding constant terms to the gauge potential, we can bring (5.33]) to the form:

Ap
A3 22 1 [ 2
= (C:C5sinh
Ao 3tz ST 2C5 coshy V CyC3C,
A3
0 -1
{202 coshy y/ 284 r=L H(V2C1r //C2C5Cy) — 1} (5.34)
0 .
-1
— {202 cosh ~y 0202304 =V H(V2 Cyr //CyC5Cy) + 1}
Defining
L Y hGery = L~ kcoth(er) + (5.35)
= =#r——H(kr) =~ —rcoth(x K, )

where

po V20 (5.36)

VO, C5C,
we can express (0.34), (5.27) as

0

Ag 1-2C1C3 coshy 1 -1

3 : _it—sabacoshy o L
AO . 1 C13 Sth { 2C1C2 coshy K f}

5 9

AlO 2 0204 COSh2’}/ 0 -1

2 _ 1420105 coshy 1
AO 2C1C2 coshy K+ 7

T1 - O, U1 - 0,

Ty 10y coshy V205030 (k—771)
Uy 14 Cy coshy~/2C,C5C (k —771)
Sy = e_2¢0204\/e2‘1> cosh? 4 — 2 sinh? v,

S1 ~ CyC5C sinh e 2%

gudrtdr” = —e*¥ (da°)* + eV da'da’,

62CI> — Cg +4 (Cl2 . C2C3C4 (I{ _ 1)2) ’ €2V 203 _.
2 \/€2® cosh? v — C2sinh?
(5.37)

T2U2 - C42a

For large r we have H(r) ~ r—1 and hence 7 ~ r up to exponentially suppressed corrections.
In that case the field configurations given in (5.37) agree with those given in (£38) (up to

constant additive terms in the gauge potential) with the choice

B 1 —2CC5coshy B 1+ 2C,C5coshy
P2 =g +2C,Cycosh~y”’ 1 —2C,Cycoshry’

09 = Uy
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_ G0y

jexe’
CQ - C3 )

G = c,

sinh . (5.38)
Under this identification, s given in (5.36) becomes

o | G2 lpp—onf 1
8pacy (] Te

(5.39)

Now note that for finite r the solutions for Sy, T, U, V and AJ, Ao are given by the same
expressions as in the case of S-T-U model described in § with the replacement of r by 7. Since
these are the fields which determine the location of the test particle charge (by the extrema of
(#39)), we can directly take the results of section [ with r replaced by 7 for determining the
location of the test charge. Now from (5.35]) we see that the condition r > 0 corresponds to
7 > 1/k = r.. Thus requiring || to be positive corresponds to requiring 3, — the value of 7
corresponding to the vector 75 — be larger that .. On the other hand for large r we have r ~ 7.
Thus the condition 0 < |75| < oo translates to . < 79 < co. Since we can use the results of §l
for determining the location of the test charge with r replaced by 7, we see that the condition
re < 79 < 0o translates to requiring 7, to lie inside the range given in ([4.24]), (4.28)) for the first
configuration and inside the range given in (4.32)), (4.33) for the second configuration. These
two ranges do not overlap, and together they make up the region R} U R}, of the moduli space
shown in Fig. 2l - precisely in agreement with the microscopic result for the index.

This still leaves open the question as to how the two configurations metamorphose into each

other at the boundary L of R} and Rj. To examine this we apply the inverse of the duality

a a
b d
transformation (5.20) to map the test electric charges @ = | ¢ | and Q +uP = | ¢ | to
d b
0 0
a a
(b+4d)/2 (b+d)/2
c and c : (5.40)
(b+d)/2 (b+d)/2

(b—d)/V2 (d—1b)/v2

The last entry represents electric charge under the T° generator of the SU(2) group. Now at the
center of the dyon solution the SU(2) gauge symmetry is restored. Thus at no cost in energy,

the test electric charge can undergo an SU(2) rotation of m about the 1-axis flipping the sign
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of the T® charge. This exchanges the quantum number b and d, precisely transforming the test
electric charges of the two configurations to each other. Thus we see that the two configurations
can transform into each other at the boundary L between R} and R),. The excess charge —uP
is dumped into the background, but we do not detect it in the probe approximation that we

are using.
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